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Theoretical insights into the nature of synergistic enhancement in 
bimetallic CoTiAlPO-5 catalysts for ammonia activation   
M. E. Potter,a* K. McColl,b F. Corà,b A. B. Levyc and R. Rajaa 
Bimetallic catalytic synergy, the concurrent action of two different metal ions in the same material, has resulted in improved 
efficiency in many catalytic systems and for a range of chemical processes. Via a computational mechanistic study, we 
investigate the catalytic benefits of the bimetallic CoTiAlPO-5 material in comparison to the monometallic CoAlPO-5 system, 
on the activation of NH3. The presence of Ti in a framework site adjacent to Co stabilises the Co(II) oxidation state, and 
increases the Co(III)/Co(II) reduction potential. We show that this change lowers the activation barrier for the homolytic H 
extraction from NH3 by Co(III), from 162 kJ/mol in the monometallic CoAlPO-5 catalyst to 140 kJ/mol in the bimetallic 
CoTiAlPO-5 (175 and 111 kJ/mol respectively when considering both dispersion and free energy corrections). Elucidation of 
mechanistic details through computational studies can make significant contributions to the rational design of catalytic 
materials.
Introduction 
 
The development of novel catalytic systems is fundamental in 
the pursuit of sustainable chemical processes. To maximise 
catalytic efficacy, a range of factors and structure-property 
correlations must be conscientiously modulated, through 
rigorous and adroit synthetic protocols.1-9 The rational design of 
novel bimetallic heterogeneous catalysts has received 
significant attention; recent successes, including nanoparticles,3 
mixed metal oxides4 and metal dopants,5 demonstrate that the 
intrinsic behaviour of an active metal centre can be attuned by 
a second metal site.1-9 However the second metal site garners 
further levels of complexity, introducing new metal-framework 
and metal-metal interactions. Yet, knowledge of these 
interactions is necessary towards intelligent and rational 
catalytic design.1,8 
Numerous examples show the catalytic advantages of bimetallic 
substitution in aluminophosphate (AlPO) frameworks. AlPOs 
consist of alternating Al(III) and P(V) oxidic corner-sharing 
tetrahedra, forming structures akin to zeolites. A range of 
different dopants can be introduced into the frameworks, based 
on oxidation state and ionic radius, allowing many metallic 
substituent pairings for different chemical processes.10-14  
Recently we performed a combined experimental and 
computational (X-ray Adsorption Spectroscopy and periodic 
Density Functional Theory) study to probe the nature of the 
synergistic enhancement within the CoTiAlPO-5 catalyst (where 
both cobalt and titanium ions are isomorphously substituted 
into the same AlPO-5 framework).13,14 The improved catalytic 
activity has been attributed to the close proximity of the cobalt 
and titanium dopants. The metal pairing was initially found to 
make the Ti(IV) ions increasingly tetrahedral, compared to 
monometallic TiAlPO-5. This is notable as a tetrahedral 
geometry has been found to aid oxidant activation in other 
titanium-containing materials including TS-1 and Ti-MCM-
41.15,16 This study also demonstrated that a significant 
proportion of the cobalt and titanium atoms are in adjacent 
framework sites, forming a distorted Co-O-Ti bridge. The 
presence of the adjacent titanium was found to modify the III/II 
redox energy of the framework cobalt ions, from -1.2 to -1.7 eV 
using H2 as reductant (Figure 1), accounting for improvements 
in oxidation catalysis.13,14,17-19. 
Theoretical studies play a significant role in understanding 
monometallic active sites in zeotype catalysts.20-24 Primarily 
these studies focus on the properties and characteristics of 
metal species,20-22 with more recent studies probing the 
mechanistic pathways, for example of hydrocarbon 
activation.23-25 Scarce few studies have addressed the features 
of bimetallic species.2,25 In this work we employ electronic 
structure  calculations to investigate the likely initial stages of 
the activation of ammonia, and contrast the behaviour of cobalt 
in monometallic CoAlPO-5 and in the bimetallic CoTiAlPO-5. On 
obtaining a deeper appreciation of the mechanistic processes it 
is believed that the results yielded here will aid the future  
 
Figure 1. Illustration of the titanium ability to attune the redox properties of 
CoAlPO-5. Redox potentials are calculated as the energy change in: Co(III)AlPO-5 
+ ½H2  H-Co(II)AlPO-5 as per reference 17. 
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rational design of catalytic systems. In situ production of NH2OH 
from NH3 is critical for processes of industrial relevance, such as 
the ammoximation of cyclohexanone to ε-caprolactam, an 
important precursor for the production of nylon-6.18 
Experimental section 
Periodic Density Functional Theory (DFT) electronic structure 
calculations were performed on the University of Southampton 
Iridis3 and the UK national HPC service Archer, using the same 
setup discussed in detail in reference 14. We used the CRYSTAL 
code26 and the B3LYP hybrid-exchange functional.27-30 The AFI 
framework was calculated using periodic boundary conditions 
in P1 space group to allow full-optimisation without symmetry 
constraints. The electronic distribution was described as a linear 
combination of atomic orbitals and the basis functions are 
expressed as Gaussian-type orbitals. Aluminium, phosphorus, 
oxygen and hydrogen ions were described using a double 
valence plus polarization basis set whereas titanium and cobalt 
were described using a triple-valence plus polarization basis set. 
All basis sets employed were taken from the online library for 
the CRYSTAL code.31 The AFI structure was described by 
modelling one unit cell containing 72 atoms (12 AlPO4 formula 
units). Cobalt was substituted for aluminium and titanium was 
substituted for phosphorus. In the case of a charge imbalance 
(Co(II) substituting Al(III) or Ti(IV) substituting for P(V)) a proton 
was attached to an oxygen ion adjacent to the divalent or 
tetravalent dopant. One substitution was made per metal per 
unit cell, corresponding to 8.3 mol% loading. In all cases the 
high-spin configuration was found to be the ground electronic 
state. The initial geometries were taken from our previous 
work, where all possible positions of charge balancing protons 
and adjacent titanium atom were calculated with the unit cell 
parameters left unconstrained.14 The lowest energy 
combinations were selected and used in this work. In this work 
the unit cell parameters were kept constant for calculating the 
energy of the system. Transition state geometries were 
obtained by calculating the internal energy of the system along 
the relevant reaction coordinates through constrained  
geometry optimizations where the reaction coordinate was 
fixed and all other degrees of freedom allowed to relax. The 
reaction coordinate has been varied in steps of 0.1Å or less, 
between its value in reagent and products. Transition state 
geometries, identified as the local internal energy maximum 
along the reaction coordinate, have been refined via second 
derivative methods and eigenvector-following modes. In all 
cases we found the initial constrained calculations reproduce 
the correct transition state to within 0.1 kJ/mol in energy and 
0.01Å in geometry. 
Internal energies have been corrected for an estimate of 
dispersion through the empirical scheme proposed by 
Grimme.32 Vibrational contributions (zero point energy and 
vibrational entropy) have also been added to reagents, products 
and transition states to estimate the reaction free energies at 
room temperature. 
 
Results and discussions 
Internal energies 
In this section we report and discuss results concerning the 
internal energies calculated at B3LYP level. Dispersion and free 
energy corrections from vibrational modes are considered in 
section 2. 
 The activation of ammonia to form hydroxylamine (NH2OH) 
occurs through aerobic oxidation of ammonia with molecular 
oxygen.18,19 For the first step in our mechanistic study we have 
therefore investigated the binding of these reagents on the 
monometallic catalysts: Ti(IV)AlPO-5 and Co(II/III)AlPO-5, 
whose geometric structures are summarized in Tables S1-S5, 
further details in reference 14. Neither metal showed significant 
interaction with molecular oxygen (less than 13 kJ/mol, Table 
1), and both oxygen atoms reside at least 3.0 Å away from the 
metal center in all cases. The slight energetic stabilization 
observed is in the region expected for Van der Waals 
interactions between a molecule and a pore wall (Table 1, 
Tables S6-S8).33 
In contrast all metal ions interact with ammonia (Table 1 and 
Tables S9-S11), through the Lewis acid/base interaction 
between the lone pair of electrons on the nitrogen and the 
electron-deficient metal centre; adsorption on the metal is 
favoured over interaction with the Brønsted acid protons. This 
was confirmed by using a range of initial geometries of 
ammonia within the unit cell, all of which eventually converged 
on a M-NH3 bond regardless of whether ammonia was placed 
near a Brønsted acid site for all systems.  
This behavior is analogous to that of ethane in MnAlPO-5.23,24 
The binding energy increases with the metal oxidation state, as 
the metal becomes increasingly electron deficient and 
therefore a better acceptor for the σ-donating ammonia 
molecule.34 
Interaction between ammonia and the bimetallic 
Co(III)Ti(IV)AlPO-5 showed ammonia preferentially bound to 
cobalt, not titanium (Table 2, Tables S12 and S13), in contrast to 
the trend observed for the monometallic systems (Table 1). 
While the adsorption energy of ammonia on Co(III) increases 
from -63.4 kJ mol-1 in the monometallic catalyst to -82.2 in the 
Table 1 Binding energies and metal-N/O distance of ammonia and oxygen with 
specific metal centres in the monometallic catalysts. 
Table 2 NH3 binding energies and metal-N distance in Co(III)Ti(IV)AlPO-5. 
Atom bound to NH3 Binding energy/(kJ mol-1) M-N distance/Å 
Co(III) -82.2 2.19 
Ti(IV) -32.8 2.23 
 
  
System 
M-NH3 M-O2 
Binding 
energy/ 
(kJ mol-1) 
M-N 
distance/Å 
Binding 
energy/ 
(kJ mol-1) 
M-O 
distance/Å 
Co(II)AlPO-5 -56.1 2.22 -4.7 3.22 
Co(III)AlPO-5 -63.4 2.21 -6.0 3.42 
Ti(IV)AlPO-5 -107.9 2.25 -12.3 3.00 
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bimetallic, that on Ti decreases from -107.9 to -32.8, despite 
showing similar M-NH3 bond distances to the monometallic 
species. This is therefore primarily due to the local environment 
around Co and Ti before and after the binding process. Before 
interacting with NH3 Co(III) adopts a distorted tetrahedral 
environment, with one bond (1.93 Å) clearly longer than the 
other three (1.86, 1.76 and 1.74 Å). On binding to the NH3 a 
trigonal bipyramidal environment evolves around the cobalt 
center (Figure S1), where the longer bond extends, naturally 
adopting the axial position trans to NH3. In contrast the Ti(IV) 
environment is made of two short bonds (1.74 and 1.77 Å) and 
two longer bonds (1.93 and 1.98 Å). Our previous work showed 
that these two longer bonds are due to the distortion associated 
with the Co-O-Ti bridge (1.93 Å) and the protonated oxygen in 
the Ti-OH-Al species (1.98 Å). We also demonstrated that the 
electron density of protonated oxygen atoms is lower than 
other framework oxygen atoms, which leads to a weaker bond 
with the metal site. On binding to ammonia the Ti(IV) site also 
adopts a trigonal bipyramidal coordination, however the 
protonated oxygen is forced to become axial, further weakening 
the Ti-OH bond and making the coordination far less favorable. 
Given the minimal change in spin of the framework oxygens and 
the cobalt on binding to ammonia it is believed that the 
geometric effects are the main reason behind the difference in 
binding energies in the monometallic and bimetallic systems.  
To become ‘active’ cobalt-containing AlPOs must be calcined so 
cobalt reaches the trivalent oxidation state required to initiate 
oxidation reactions.35 The role that Ti(IV) substituted AlPOs play 
in oxidation catalysis is still unclear; however, all our 
calculations on reduced bimetallic CoTiAlPO-5 systems always 
converge to Co(II) and Ti(IV) and do not converge on Co(III) and 
Ti(III) oxidation states. It is therefore reasonable to assume that 
Co is the redox active metal site responsible for NH3 activation. 
As such we now dedicate the rest of this script to contrasting 
the role of the cobalt sites in the monometallic CoAlPO-5 and 
bimetallic CoTiAlPO-5 species.   
No interaction was observed between ammonia and oxygen 
either in the pore, or between individual gaseous ammonia and 
oxygen atoms. These factors coupled with the binding energies  
(Table 1) show that the initial step of this reaction involves an 
interaction between ammonia and a Co(III) active site. This is in  
 
 
Scheme 1 Proposed reaction mechanism for the activation of ammonia 
showing 4 key steps: A) Ammonia binding, B) Hydrogen abstraction, C) Oxygen 
addition and D) Peroxide decomposition. 
agreement with previous findings on ethane oxidation 
catalysed by MnAlPO-5, which shows that the rate-determining 
step is the initial activation of the organic substrate to form a 
radical species.23,24 Activation of ethane by MnAlPO-5, 
calculated with the same settings as in the present work, 
requires an activation energy of 135 kJ/mol, with a reaction 
enthalpy of 93 kJ/mol.23,24  
We suggest a similar mechanism for the activation of ammonia 
(Scheme 1), comprising the elementary steps of adsorption, 
hydrogen abstraction and O2 addition resulting in the 
production of NH2OO∙ radicals.36,37 We hypothesise that this 
intermediate follows a peroxide decomposition pathway into 
hydroxylamine, likely via NH2OOH (however this is not known 
experimentally).38-40 In this paper we focus on the initial stages 
of ammonia activation, the hydrogen abstraction and O2 
addition steps, in order to gain an improved insight into the 
behavior of the mono- and bi-metallic CoTiAlPO-5 catalyst for 
oxidation catalysis. 
Similarly to the preactivation step of alkane oxidation,23-25 the 
radical formation step occurs via homolytic cleavage of one N-
H bond on a Co(III) site, to form an amide radical (Scheme 1B) 
and a reduced Co(II) site. The energy profile of this reaction step 
is examined by performing a series of constrained geometry 
optimizations. 
coordinate (in this case the OFramework – HAmmonia distance) is 
progressively varied from its value in the reagents (ammonia 
adsorbed on Co(III)) to that in the products. As the O-H distance 
contracts, the N-H bond weakens, producing the amide radical 
and simultaneously reducing the cobalt ion. Of the four oxygens 
adjacent to the cobalt ion, the specific oxygen to be protonated 
was chosen as the one which resulted in the lowest energy 
proton position in the corresponding Co(II) system.14 In the 
monometallic species the reaction corresponds to CoIII(OP)4 
becoming CoII(OP)3(OHP); in the bimetallic catalyst the proton 
binds to the oxygen of the Co-O-Ti bridge to give a Co-OH-Ti 
species species, i.e. from CoIII(OP)3(OTi) to CoII(OP)3(OHTi) 
(Tables S1-S4 and S7-S10). 
Here a reaction The energy profiles for the radical formation 
step in monometallic and bimetallic systems are shown in 
Figure 2.  
 
 
Figure 2 Internal energy profile for the ammonia activation step in monometallic 
Co(III)AlPO-5 and bimetallic Co(III)Ti(IV)AlPO-5. 
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 The full set of Γ-point phonon modes calculated for all 
transition states (Figures S12-S15) discussed here are reported 
in the SI, to show they have the correct structure with only one 
imaginary mode. In both monometallic and bimetallic systems 
the reaction is highly endothermic, with the transition state 
close to the product in both activation energy and reaction 
coordinate. Breaking the N-H bond in the absence of a catalyst 
was calculated to require 470 kJ/mol (Figure S3), explaining the 
endothermic nature of the process and the need for a catalyst. 
Both the activation and reaction energies are lower in bimetallic 
Co(III)Ti(IV)AlPO-5 than in the monometallic Co(III)AlPO-5 
(Figure 2), while the transition state for the bimetallic system 
occurs at a longer O-H distance, in accordance with the lower 
activation energy. The O-H distance of the product is 
significantly shorter in the bimetallic system than in the 
monometallic. This is attributed to a different coordination of 
the amide radical to the Co(II) site, as discussed below. The 
energy values calculated here are higher but comparable to 
those calculated for the activation of ethane with MnAlPO-5, of 
135 and 93 kJ/mol.23,24 This is a result of the different bond 
dissociation energies for ammonia and ethane (470 and 410 
kJ/mol respectively), thus cleavage of the stronger N-H bond 
requires higher activation and reaction energies.41 
Analysis of atomic distances and spin densities provides further 
mechanistic insights. The initial electron spin of cobalt (3.04|e|) 
is consistent with Co(III) (Table S4; Figures S4 and S5), and is 
constant up to the transition state. While tetrahedral high-spin 
Co(III) is expected to have 4 unpaired electrons, it is noted that 
the system is not perfectly tetrahedral and spin-leaching occurs 
onto the neighbouring oxygen atoms. On reaching the 
transition state (O-H distance 1.11 Å monometallic, 1.15 Å 
bimetallic) the cobalt spin is lowered to roughly 2.7|e|, 
consistent with an homolytic mechanism and the reduction of 
Co(III) to Co(II) (Figures S4 and S5).14 We have already discussed 
in ref. 14 that the redox potential of Co(III) is influenced by the 
presence of adjacent titanium ions.14 Reduction of cobalt from 
Co(III) to Co(II) alleviates the build-up of electron spin of the 
specific (protonated) framework oxygen in the bimetallic 
CoTiAlPO-5 system more than in the monometallic. In the 
ammonia activation reaction step the oxygen spin evolution 
follows similar behaviour. The spin polarization of the specific 
framework oxygen in the bimetallic system is reduced from 
0.43|e| to 0.07|e| (Figure 3) on protonation, whereas the spin 
polarization of the same specific framework oxygen in the 
monometallic CoAlPO-5 system reduces from 0.15|e| to 
0.03|e| (Figure 3).The greater alleviation of spin on the oxygen 
makes this step less endothermic for the bimetallic system than 
the monometallic. We also suggest that the greater spin 
polarization on the bridging oxygen makes it more active for the 
activation of homolytic bond dissociations. 
Comparing changes in the N-H and Co-N distances of the two 
systems reveals fundamental differences. In the monometallic 
CoAlPO-5 system (Figure S6) the amide radical, once formed,  
moves away from the cobalt ion (the Co-N distance elongates 
from 2.21 Å to 3.22 Å, Figure S6), but retains an interaction with 
the hydrogen atom abstracted, resulting in a shorter N-H 
distance (1.72 Å). 
Figure 3 Comparison of the spin evolution on the framework oxygen in the 
monometallic and bimetallic systems. 
The cobalt adopts a distorted tetrahedral geometry. Interaction 
with the amide radical results in a particularly long equilibrium 
O-H distance of 1.08 Å. In contrast, for the bimetallic CoTiAlPO-
5 system, the Co-N distance remains roughly constant 
throughout the reaction step (from 2.19 Å to 2.00 Å, Figure S7), 
and an elongation of the N-H distance occurs (from 1.02 Å to 
2.66 Å, Figure S7). The O-H distance is not affected by 
interaction with the amide radical, and is measured as 0.96 Å. 
Co retains the trigonal bipyramidal geometry. This behaviour is 
due to the enhanced stability and bond strength of the 
framework oxygen-proton bond in the bimetallic system.14 The 
stronger interaction between the framework oxygen and the 
proton weakens the proton-amide interaction, and in turn 
promotes the Co-amide interaction. By retaining a strong 
interaction with the amide radical, the cobalt in the bimetallic 
system contributes to delocalize the spin of the molecule; the 
spin density of the nitrogen atom is of 0.92|e| in the bimetallic 
system, compared to 1.07|e| in the monometallic system 
(Figures S4 and S5).These findings suggest that the lower 
reaction and activation energies for the bimetallic CoTiAlPO-5 
system, in this reaction step, are due to increased stability of 
the Co(II), and the increased spin stabilization of the bimetallic 
framework oxygen and the amide intermediate.14  
Once generated, the amide radical intermediate is stabilised by 
addition of triplet oxygen (Scheme 1C, Figure 4), as was the case 
for alkyl radicals in hydrocarbon oxidation reactions.23,24 
Calculations of the energy profile as a function of the NAmmonia-
Ooxygen distance (Scheme 1C) shows that addition of oxygen is 
exothermic and requires a significantly lower activation  energy 
than the radical formation step in both systems. Both activation 
and reaction energy of the oxygen addition step are lower for 
CoAlPO-5 than CoTiAlPO-5 (Figures 2 and 4). This is attributed 
to the Co-N interaction discussed earlier. While in the 
monometallic system the amide is only loosely bound to Co (the 
Co-N equilibrium bond distance is of 3.28 Å, Figure S6 and S8), 
it is strongly adsorbed in the bimetallic system (2.00 Å, Figure 
S7 and S9). The Co-N distance is constant in the radical 
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stabilisation step for the monometallic system, as the bond is 
already broken (Figure S8). 
Figure 4 Contrasting the energy profile of NH2OO formation for monometallic 
Co(II)AlPO-5 and bimetallic Co(II)Ti(IV)AlPO-5. 
In the bimetallic system the Co-N distance extends as the 
NH2OO• radical forms, as required to break the Co-N bond 
(expanding from 2.00 to 2.83 Å, Figure S9) accounting for the 
increased activation and reaction energies of the bimetallic 
system. The calculated energy profiles are different to those for 
the analogous radical stabilization step for ethane and MnAlPO-
5, which show no activation barrier and are heavily stabilized by 
-149 kJ/mol.23,24 In contrast the monometallic and bimetallic 
systems calculated here show an activation barrier of 7 and 22 
kJ/mol respectively, and are stabilized to a lesser extent of -39 
and -33 kJ/mol respectively. The difference is due to the weaker 
N-O bond formed here relative to the C-O bond in the ethane 
oxidation.42,43 Comparison of the mechanisms shows that the 
monometallic system behaves in an analogous way to the 
MnAlPO-5 system. Both break the metal-radical bond (Co-N and 
Mn-C) in the radical formation step, as the radical maintains an 
interaction with the abstracted proton.  
The electron spins of the two systems (Figure S10 and S11), 
provide some mechanistic insight. As oxygen approaches the 
amide radical, a covalent bond forms involving the α electron of 
the amide and a β electron on the oxygen (O1). This is seen by 
the short N-O bond length of the product (1.46 Å for both 
monometallic and bimetallic) and also by the total spin 
decreasing by roughly 2|e| in both systems.  Only very slight 
differences were observed in the cobalt and nitrogen spins 
between the two systems (Figures S10 and S11), despite the 
difference in bond lengths. This suggests that the strength of 
the amide stabilisation by complexation of Co(II) is the primary 
factor in the energy difference between mono- and bi-metallic 
catalysts in the radical stabilization step. 
The energetic profile of the two steps discussed here is shown 
in Figure 5. The rate determining step is the hydrogen 
abstraction from NH3, leading the radical formation, in 
accordance with previous work.14,23,24 The lower activation 
energy calculated for this step in the bimetallic system over the 
monometallic provides mechanistic detail concerning the 
benefits of bimetallic substitution. 
 
Figure 5 Complete energetic profile of the two reaction steps examined, in mono 
and bimetallic catalysts. 
 
Dispersion corrections and free energy 
The energy values discussed in section 1 refer to internal 
energies from the original B3LYP DFT calculations. This 
functional does not account for dispersion forces, that we have 
estimated using the empirical D2 correction proposed by 
Grimme.32 We have also estimated the vibrational contribution 
to free energy (zero point energy and vibrational entropy) at 
room temperature for reagents, products and transition states 
using the geometries identified in section 1. 
Results for the NH3 activation and O2 addition steps in both 
mono and bi-metallic catalysts are summarized in Table 3. While 
dispersion increases, as expected, the adsorption energies of 
NH3 and O2 molecules on the active sites, it has smaller effect 
on reaction and activation energies (Figure S16). NH3 activation 
comprises a H-transfer step with minor changes of bond 
distances other than those involving the N and H atoms of the 
bond being cleaved, while O2 addition too requires relatively 
small atomic displacements (the N-based radical is oriented 
away from the framework) that cause small changes in 
dispersion. Dispersion however enhances the overall difference 
between the activation energy for NH3 activation in mono and 
bimetallic catalysts, due to the different coordination geometry 
of the ∙NH2 radical in the two cases, as discussed in section 1. 
Vibrational contributions to the free energy also have relatively 
small effects (of less than 15 kJ/mol, Figure S17) on reaction and 
activation energies of both reaction steps. Despite O2 addition 
causing a decrease in the number of molecules, because O2 
prior to the reaction is not rotationally and translationally free 
but confined in the AlPO-5 pores and weakly interacting with 
the framework (rotational and translational modes of O2 
correspond to frequencies ranging between 40 and 150 cm-1), 
its loss in translational and rotational entropy is substantially 
smaller than in the equivalent gas-phase reaction. 
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Table 3 Summary of calculated activation and reaction energies (kJ/mol) for NH3 activation and O2 addition steps in mono and bi-metallic catalysts, including dispersion and entropic 
contributions. 
Monometallic reaction step Reaction energies/(kJ mol-1) 
Electronic energy Electronic energy + 
dispersion 
Free energy Free energy + 
dispersion 
Step A. Ammonia binding ΔENH3ads -63.4 -100.8 -41.7 -77.7 
Step B. Hydrogen abstraction EaB 162.3 185.3 151.7 174.6 
ΔEB 127.2 148.1 111.4 133.2 
Step C. Oxygen addition ΔEO2ads -7.5 -26 6.7 -12.4 
EaC 6.7 12.6 10.2 15.9 
ΔEC -38.5 -43.9 -33.1 -32.2 
Bimetallic reaction step Reaction energies/(kJ mol-1) 
Electronic energy Electronic energy + 
dispersion 
Free energy Free energy + 
dispersion 
Step A. Ammonia binding ΔENH3ads -82.7 -97.2 -56.1 -70.6 
Step B. Hydrogen abstraction EaB 138.9 128.6 121.5 111.1 
ΔEB 98.0 87.7 84.6 74.4 
Step C. Oxygen addition ΔEO2ads -9.7 -28.9 7.1 -11.6 
EaC 21.6 20.9 20.7 20.1 
ΔEC -53.6 -46.0 -46.7 -39.1 
 
Despite this the actual reaction and activation energies show 
some dependence on whether and how dispersion and entropic 
contributions are included (Figure S18), the overall picture of 
the reaction mechanism is unchanged, with the NH3 activation 
being the rate determining step, and the bimetallic catalyst 
showing much enhanced activity over the monometallic for this 
reaction step. 
 
Conclusions 
By employing periodic DFT calculations we have shown the 
benefits of bimetallic substitution in microporous AlPO 
catalysts. Through careful investigation of the initial reaction 
steps of the aerobic activation of ammonia we have revealed 
that the activation energy of the rate determining radical 
formation step can be lowered through the application of a 
bimetallic CoTiAlPO-5 catalyst, enhancing catalytic activity over 
the monometallic CoAlPO-5 catalyst. Ti does not directly take 
part in the catalytic reaction, but its presence in a framework 
site adjacent to Co modifies substantially the adsorption energy 
of ammonia, and the Co(III)/Co(II) reduction potential, 
stabilising the 2+ oxidation state and hence all those elementary 
reaction steps that occur through reduction of Co(III). These 
include the radical H abstraction from NH3 that initiates (and is 
the limiting step for) the in situ production of hydroxylamine. 
The bridging framework oxygen between Co and Ti has a 
prominent role in the synergic enhancement of catalytic 
activity. Its location between one electron rich (Co(III), d6) and 
one electron poor (Ti(IV), d0) transition metal ion contributes to 
the delocalisation of the Co(III) spin density. In the bare 
CoTiAlPO-5 catalyst, the bridging oxygen has a noticeable spin 
polarisation of 0.419 |e| that activates its reactivity in 
elementary steps that require radical formation. . 
We have shown that design strategies aimed at developing 
improved catalysts for ammonia activation should be targeted 
at minimizing the activation barrier for the radical formation 
step. The lower activation energy calculated for the bimetallic 
system over the monometallic shows the enhanced activity and 
provides an atomistic explanation for the bimetallic synergy 
observed experimentally. 
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